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Tandem repeats of DNA that contain transcription factor (TF) binding sites could serve as decoys,
competitively binding to TFs and affecting target gene expression. Using a synthetic system in
budding yeast, we demonstrate that repeated decoy sites inhibit gene expression by sequestering a
transcriptional activator and converting the graded dose–response of target promoters to a sharper,
sigmoidal-like response. On the basis of both modeling and chromatin immunoprecipitation
measurements, we attribute the altered response to TF binding decoy sites more tightly than
promoter binding sites. Tight TF binding to arrays of contiguous repeated decoy sites only occurs
when the arrays are mostly unoccupied. Finally, we show that the altered sigmoidal-like response
can convert the graded response of a transcriptional positive-feedback loop to a bimodal response.
Together, these results show how changing numbers of repeated TF binding sites lead to qualitative
changes in behavior and raise new questions about the stability of TF/promoter binding.
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Introduction
The genomes of many organisms contain long tracts of
repetitive nucleotide sequences known as tandem repeats
(TRs) of DNA. Over 45% of the human genome is repeated
sequence, mostly found in non-coding regions (Lander et al,
2001). While sometimes discounted as ‘junk’ DNA, TR length
has been implicated in a number of different phenotypes and
diseases. When TRs occur within the open reading frame of
genes, their expansion/contraction directly affects protein
structureorexpression.Forexample,TRswithinyeastadhesin
genes can inﬂuence their adhesive and ﬂocculent properties
(Verstrepen et al, 2005), TRs within the Runx-1 transcription
factor(TF)genein dogsdictateskullmorphology (Fondon and
Garner, 2004), and changes in TR number in contingency loci
in many prokaryotes switch expression state by introducing
frameshifts (Rando and Verstrepen, 2007). TRs within inter-
genic regions that are close to genes are also widely implicated
in affecting gene expression. Expansion of trinucleotide
repeats in untranslated regions or introns of genes has a
causative role in triplet expansion diseases (Cummings and
Zoghbi, 2000) often by silencing gene expression. Recent work
in budding yeast demonstrates that TRs within promoters can
inﬂuence gene expression by altering nucleosome structure or
the number of TF binding sites (Vinces et al, 2009).
Importantly, because variation in TR number is 100- to 1000-
fold higher than single point mutation rates (Rando and
Verstrepen, 2007), TRs represent an evolutionary reservoir of
potential diversity. Indeed, the majority of spontaneous
mutations in budding yeast are associated with repeated
regions (Lynch et al, 2008).
Bioinformatic studies have found that many TRs in non-
coding regions contain known TF binding sites (Horng et al,
2003); whether these sequences have functional roles remain
unclear. One potential role for these TRs would be to serve as
decoys, competitively binding the cognate TF and thereby
inﬂuencing expression of target promoters. In mice, the major
a-satellite TRs within pericentromeric heterochromatin con-
tain binding sites for C/EBPa. These TRs sequester C/EBPa,
leading to a reduction in gene expression at target genes of this
activator (Liu et al, 2007). The ability of decoy binding sites in
TRs to bind a TF could depend on chromatin-mediated
accessibility. For example, in Drosophila the addition of drugs
that increase accessibility to the heterochromatic GAGAA
repeat within satellite V leads to increased sequestration of the
GAGA factor and reduced expression of target genes (Janssen
et al, 2000).
Simple kinetic models can clarify how the strength of
protein/DNA interactions and protein stability impacts the
function of repeated decoy TF binding sites on target gene
expression. An intuitive notion is that decoy sites serve as
competitive inhibitors, reducing the TF available to bind to
target promoters. However, non-equilibrium models that
include production and degradation of the TF demonstrate
thisisnotalwaystrue.Previoustheoreticalworkhighlightsthe
fact that if the degradation rate of the TF/decoy complex is
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unbound TF are independent of the presence of decoys, with
no resulting effect on target gene expression (Burger et al,
2010). A second key parameter that inﬂuences the dose–
responseoftargetgenesinthepresenceofdecoysistheratioof
theafﬁnityofTF/decoyandTF/promoterbinding.IfTF/decoy
afﬁnity is much higher, then as TF levels increase target gene
expression is unchanged until all decoy sites are saturated.
For a transcriptional activator, this leads to an increase in
concavity of the dose–response curve between the TFand the
target promoter and a sharper, sigmoidal-like threshold
response (Buchler and Louis, 2008).
Here, weconstruct and model a synthetic system in budding
yeast to quantitatively analyze the effect of TRs of decoy
binding sites on target gene expression. We ﬁnd that repeated
decoy sites do decrease target gene expression. Furthermore,
the dose–response is qualitatively altered from a graded to a
sharper threshold response. Interpreted in the context of our
model, these results indicate that TFs bind to repeated decoy
binding sites more strongly than to the promoter. This
surprising implication is supported by chromatin immunopre-
cipitation (ChIP) assays, which monitor TFoccupancy in both
regions. Moreover, we conﬁrm the functional relevance of the
altered dose–response by demonstrating the ability of decoys
to change the graded dose–response of a positive-feedback
loop to a bimodal response. Our results show how TRs of
decoy sites have qualitative effects on gene expression and
networkbehaviorthatdependondecoysitenumber.Theyalso
raise questions about the strength of activator/promoter
interactions that lead to expression.
Results
Modeling the effects of decoy sites on target gene
expression
To describe the effects of an array of repeated decoy sites on
target gene expression, we consider the chemical transforma-
tions illustrated in Figure 1A and stated here:
The TF (T) is a transcriptional activator which is produced
constitutivelyandcanpotentially bindtoeitherdecoysites(N)
or the promoter (P). Species balances for free and bound
forms are:
T0 ¼T þTPþTN
N0 ¼N þTN
P0 ¼PþTP
ð2Þ
Differential equations are formulated for T, TP and TN in
the Supplementary information. While not explicitly shown
here, the DNA corresponding to decoys (N) and the promoter
(P) are also synthesized and diluted as cells grow.
These processes and the synthesis and degradation of the
unbound TF (T) are slow compared to fast binding and
unbinding of the TF to the promoter or decoy sites (order 10’s
of minutes versus 10’s of seconds—see Supplementary
information for details). For now, we assume that decoy and
promoter-bound TFs (TN and TP) degrade at rates identical to
the unbound TF (T).
Because there are few promoter sites compared with the
number of free T and total decoy N0 sites, we neglect the TP
complex in the species balance for T0, leading to the following
expression for the free Tsites, where KN¼koff
N /kon
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We assume gene expression is proportional to TP/P0, the TF
occupancy at the promoter (Bintu et al, 2005):
TP ðÞ
P0
¼
T/T 0
T
T0 þ
KP
T0
ð4Þ
where KP¼k
P
off/k
P
on. We will use concentration units of
molecules per yeast nuclear volume (n.v.). Using Equations
(3) and (4), we plot the dose–response of TF occupancy to
T0¼TþTN when T0 is varied by changing the synthesis rate,
S. Because T0¼S/d, choosing to plot TF occupancy versus T0
or S are equivalent within a constant. When KN/KP¼1,
increasing decoy number N0 decreases target gene expression
but does not change the shape of the dose–response curve
(Figure1B andSupplementary Figure 1A). However, theshape
changes when decoy sites have much higher afﬁnity (KN/
KPo o1). As TF level increases, they bind and saturate decoy
sites before leading to gene expression (Figure 1C and
Supplementary Figure 1B). The result is a sharper, threshold
dose–response that has previously been discussed (Buchler
and Louis, 2008).
We can also consider the non-equilibrium effects of varying
dN/d, assuming d¼dP. In the ﬁrst case, decoy-bound TF is
protected from degradation and dN/do o1. When KN/KP¼1,
faster turnover of unbound T decouples its level from the
decoy-bound TN species, making it invariant to changes in
decoy number N0 (Burger et al, 2010). However, increasing N0
does affect T0 as the decoy-bound species TN increases at any
given synthesis rate S. Therefore, the dose–response curve of
TF occupancy versus T0 is altered when decoys are added,
whereas TF occupancy never changes with S (Supplementary
Figure 1C). TF occupancy also never changes with S when
KN/KPo o1, although now thereisthesharper,thresholddose–
response versus T0 (Supplementary Figure 1D). In the second
case, where dN/d4 41, the dose–response is nearly identical to
thecaseofdN¼dP,butmuchlargerchangesinSarerequiredto
increase occupancy as the decoy-bound species degrades
quickly (Supplementary Figure 1E and F).
(1)
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gene expression and lead to a sharper,
sigmoidal-like response
We used the synthetic tet-OFF system, adapted for budding
yeast (Gari et al, 1997), to measure the effect of TRs of decoy
binding sites on target gene expression. Here, the tet-
transcriptional-activator (tTA) binds speciﬁcally to the tet
operator (tetO), and activates gene expression of a 7 tetO
promoter driving a downstream ﬂuorescent reporter inte-
grated at the URA3 locus. We integrated a MYO2 promoter
driving tTA expression at the ADE2 locus and introduced
arrays containing various numbers of contiguous tetO sites on
either single copy centromeric plasmids, high copy 2mm
plasmids, or by genomic integration at the HIS3 locus
(Figure 2A). The tetO arrays were derived from a 9-kb non-
recombinogenic tetO array containing 240 tetO binding sites
spanned by 10 or 30bp of random DNA sequence (a kind gift
from D Sherrat; Lau et al (2003); Figure 2A). We veriﬁed array
stability over the course of experiments (Supplementary
information).
To measure the dose–response curve of the 7 tetO
promoter, we varied active tTA levels by abrogating the tTA–
tetO interaction using doxycycline (dox) and monitored
ﬂuorescent reporterexpression in exponentially growing cells.
In Figure 2B, we compare the dose–response curve in the
absence and presence of centromeric plasmid-borne tetO
arrays. Adding decoy sites decreases expression at any given
level of dox. On the basis of our understanding of the tTA–dox
interaction (detailed below), varying dox is equivalent to
changing the tTA synthesis rate. Therefore, the decreased
expression implies that decoy-bound tTA is not protected from
degradation and dN/d cannot be much less than unity. We
further veriﬁed that the decoy array reduces expression at a
given tTA synthesis rate by placing tTA expression under
the control of the methionine-inducible MET3 promoter
(Supplementary Figure 2). The simplest interpretation of these
results is that decoy-bound and unbound tTA have the same
degradation rate and we set dN¼d. We cannot exclude the
possibility that dN4 4d, but this does not change inferences
about promoter and decoy binding strength (Supplementary
Figure 1).
For an accurate picture of the dose–response curve, one
needs a model to translate an experimentally set external dox
concentration to an active tTA level. To do so, we extended a
previously reported and experimentally veriﬁed model of the
dox–tTA interaction (Murphy et al, 2007; To and Maheshri,
2010). Key features of this model are (1) a constant ﬂux of dox
enters cells resulting in the intracellular dox concentration
being linearly proportional to the external dox concentration,
(2) two dox molecules bind to each tTA dimer in a non-
cooperative manner to abrogate its DNA binding capability
and (3) free, promoter-, decoy- and dox-bound tTA equilibrate
on timescales faster than tTAdegradation(B15min half-life—
To and Maheshri, 2010). Adding these interactions, the following
two expressions can be used to ﬁnd the fraction of unbound tTA
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Figure 1 A simple model predicts that an array of decoy binding sites qualitatively alters the dose–response of a TF and target promoter depending on the strength of
theTF/bindingsiteinteraction. (A)Asimplemodeltodescribethe effectsofTRscontainingdecoy bindingsites ontarget geneexpression. Important parameters include
the number (N0) and binding afﬁnity (1/KN) of decoy sites, the binding afﬁnity (1/KP) of promoter binding sites, and the production and degradation of each species.
Details are described in the text. (B) Model predicted dose–response of expression versus total TF level, T0, for various numbers, N0, of decoy sites when the binding
afﬁnityoftheTFfordecoyandpromotersitesareidentical(KN¼KP¼500).Decoysitesreduceexpressionbut donot changethegradednature ofthe response.(C)As
in B, but with promoter binding afﬁnity set much lower than decoy binding afﬁnity (KN¼1, KP¼500), which results in a more sigmoidal-like dose–response.
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T
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Ks
þ
x
Ks
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Here KS is the thermodynamic afﬁnity of tTA to dox, which we
estimate as the previously reported afﬁnity of tetR to dox of
0.21/n.v. (we assume a yeast n.v. of 5mm
3; Degenkolb et al,
1991). The total dox concentration (x0) is proportional to
the external dox concentration, with a free parameter, KM
(a membrane partition coefﬁcient for dox) that must be ﬁt. We
use the following expression, based on Equation (4), to relate
T/T0 to ﬂuorescent reporter expression:
FP  FPmin ¼ FPmax  FPmin ðÞ  
TP ðÞ
P0
¼kmax
T/T 0
T
T0 þ
KP
T0
ð7Þ
FP is the measured ﬂuorescent reporter expression, FPmin is the
b a s a le x p r e s s i o ni nt h ea b s e n c eo fT F ,FPmax is the maximum
expression, and kmax¼FPmax FPmin. In previous work, we have
established this model, with a ‘Hill coefﬁcient’ of 1, for the
7 tetO promoter (To and Maheshri, 2010). We can estimate the
FPmax by measuring the expression of the promoter in positive
feedback, and FPmin by measuring expression in strains without
tTA or subject to very high dox levels (To and Maheshri, 2010).
The CFP/YFP ﬂuorescent signals reported are normalized
with respect to CFP/YFP signals measured in a yeast strain
constitutively expressing the ﬂuorescent protein from an ADH1
promoter integrated at the LEU2 locus. This allows direct
comparison of ﬂuorescent signals irrespective of ﬂuorophore
and method of measurement. Finally, when tTA expression is
drivenfromtheweakMYO2promoter,steady-statelevels(T0)are
low enough that T0oKP, and the dose–response is always in the
linear range (To and Maheshri, 2010). This is conﬁrmed when
we use Equations (5)–(7) to ﬁt the dose–response data in
the absence of decoys, by varying two free parameters, KP/T0
and KM/T0.
Equation(6)canbemodiﬁedtoﬁtthedose–responsecurves
in the presence of decoy arrays:
T
T0
¼ 1  ð N0/T0Þ
T/T 0
T/T 0 þKN /T 0
  
  1þ2
x
Ks
þ
x
Ks
   2  !  1
ð8Þ
By using (5), (7) and (8) with estimated values for KM/T0 and
KP/T0, weﬁt twonew parameters:N0/T0 and KN/T0. We report
KM/T0, N0/T0 and KN/KP in Table I.
Two features of the ﬁtting procedure deserve mention. First,
we ﬁnd estimates of KM/T0 across different data sets are
similar, as expected for a property that is independent of decoy
number. Second, because both changing N0/T0 and KN/T0 can
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Figure 2 Arrays of tetO decoy sites reduce target gene expression and convert the graded dose–response between tTA and its target promoter to a sigmoidal-like
response.(A)tTAis expressed constitutively froma chromosomallyintegratedMYO2 promoter atthe ADE2 locus,andits activity istitrated byaddition ofdox. Activation
of a tTA-responsive 7 tetO promoter driving YFP integrated at the URA3 locus was monitored by ﬂow cytometry. Arrays of tetO binding sites of various sizes were
created from a single 240 tetO array. (B) Target gene expression at the 7 tetO promoter is reduced at any dox concentration when tetO arrays are introduced on a
centromeric plasmid. Dots represent experimental data, and solid lines correspond to ﬁts of the kinetic model described in the main text to six data points at low tTA
levels. (C) Using a model that accounts for dox–tTA interactions, the expression data in B can be plotted versus total tTA number (unboundþdecoy-bound tTA). The
arrays result in a qualitatively sharper change in the dose–response indicative of stronger binding of tTA to the array versus the promoter. (D, E) tetO arrays have a
qualitatively similar, albeit weaker, effect when integrated at the HIS3 locus in the chromosome. Error bars represent s.d. of 2 biological replicates. Source data is
available for this ﬁgure in the Supplementary Information.
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between these two parameters. This is best seen in
Supplementary Figure 3, where the sum of the squared
residuals (SSRs) of the ﬁt is given for various values of these
two parameters. For any given KN/T0, there is a narrow range
ofN0/T0 that resultsin a good ﬁt. In contrast, wefound a range
of KN/T0 spanning several orders of magnitude results in a
good ﬁt. The SSR in this range is plotted in Supplementary
Figure 3 for various values of KN/KP. The minimum SSR value
corresponds to a low KN/KPB10
 6, but lies within a shallow
plateau region. Because such a large change in afﬁnity
results in a physically nonsensical residence time for the TF,
assuming a diffusion-controlled on-rate (see Supplementary
information), we used the upper-bound of the plateau region
as our estimate KN/KP. We deﬁned this heuristically as when
the SSR changes by less than 25%, leading to a reported KN/KP
values that generally lie between 10
 2 and 10
 3 for all
experiments (Table I). These values should be considered as
order of magnitude estimates and clearly suggest a large
difference in the strength of tTA binding to decoy sites versus
productive binding events at the promoter exists. In
Supplementary Figure 3, we compare these ﬁts to a case
where KN/KP¼10
 1, which does not describe the data well.
The model captures the experimental data, except atthe two
highest levels of tTA expression, where it systematically
overpredicts the extent to which decoy sites decrease expres-
sion. This trendpersistswhether the tetO arraysare presenton
a centromeric plasmid (Figure 2B and C), integrated in the
genome (Figure 2D and E) or present on a high copy plasmid
(Supplementary Figure 4). At higher tTA levels, there is a
decrease in the gap between target gene expression of strains
with and without decoys. This feature cannot be explained for
any choice of physical parameters by our model. The
decreased gap implies either the decoys release bound tTA at
higher tTA levels, increased array occupancy promotes gene
expressionatthepromoterbyanunknownmechanismortotal
tTA levels change in the presence of decoy sites at low dox
levels (see Supplementary information for further discussion).
The decreased gap is not dependent on our dox model; it
remains even if the data are plotted as a function of dox rather
than the total TF level.
Because of the shape of the dose–response curve, the model
predicts KN/KPo o1. Describing the tTA–tetO interaction using
a single thermodynamicafﬁnity is likelya gross simpliﬁcation.
In reality, the residence time of tTA to either the promoter or
decoy sites depends on a combination of (1) interactions with
multiple tetO binding sites, (2) the conformation and
chromatin state of the DNA, (3) interactions of tTAwith other
proteins that may also have afﬁnity for DNA (general
transcriptional machinery, chromatin remodeling factors and
so on) and (4) other unknown factors. Some of these
interactions are not at thermodynamic equilibrium. Never-
theless, the model serves as a useful framework for pinpoint-
ing what interactions must be different.
Table I Fit parameter estimates
tetO Array location KM
T0 ðng/mlÞ Number of tetO sites within array
Centromeric plasmid 0.0071 15 37 67 127 240
Ka
N
KP 0.002 0.001 0.001 0.001 0.002
N0
T0 0.28 (1.1)
b 0.35 (1.7) 0.38 (2.0) 0.43 (2.6) 0.49 (3.0)
fold
c 4.5 5.8 7.4 9 8.6
Integrated (HIS3) 0.0058 15 37 67 113 240
KN
KP — 0.08 0.01 0.02 0.007
N0
T0 — 0.25 (0.29) 0.25 (0.71) 0.28 (0.65) 0.29 (0.97)
fold — 1 1.9 1.4 3.2
Multiple centromeric plasmids 0.0066 67 67/67 67/67/67
KN
KP 0.004 0.0004 0.0002
N0
T0 0.23 (0.76) 0.47 (3.5) 0.57 (7.5)
fold 1.9 6.6 5.2
2-mm Plasmid 0.0087 Bin 2 Bin 3 Bin 4
KN
KP 0.008 0.002 0.0008
N0
T0 0.21 (0.73) 0.30 (1.6) 0.36 (2.5)
fold 1.6 2.6 3.5
aThe reported KN/KP was chosen such that its sum squared of residuals (SSRs) is only 1.25 times higher than the KN/KP found at the global minima, which is a good
heuristic for the plateau region in Supplementary Figure 3.
bThe parenthetical value for N0/T0 corresponds to the best estimate when KN/KP¼0.1.
c‘Fold’ represents the fold change of the SSR for KN/KP¼0.1 versus the SSR for the reported KN/KP.
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than multiple non-contiguous tetO arrays
We were surprised to ﬁnd that at any given dox concentration,
increasingarraysizebeyond67 tetOsiteshadlittleadditional
effect on decreasing target gene expression. In fact, the actual
number of tetO sites in the array is not input into the model;
the effective number, N0/T0, estimated is remarkably similar
for67 ,1 13 ,127  and240  arraysizes(TableI).However,
when decoy site numbers are increased by using high copy
plasmids N0/T0 does increase. To determine whether the
contiguous nature of the additional decoy sites was respon-
sible for the decrease in their effectiveness, we constructed
yeast strains that had multiple centromeric plasmid-borne
decoy arrays. We found that two copies of a plasmid-borne
67  array was more effective versus both one copy of a
plasmid-borne 127  array and one copy of a plasmid-borne
240  array (Figure 3A and Supplementary Figure 5). Further
increases in the copy number of plasmid-borne arrays
continue to lower gene expression (Figure 3B and
Supplementary Figure 5) conﬁrming a split, non-contiguous
array of tetO sites is more effective in sequestering tTA than a
contiguous array.
The effects of decoys on target gene expression
can be explained in terms of tTA binding
Our proposed mechanism, whereby repeated decoy sites
decrease target gene expression, is through competitive tTA
binding. This mechanism requiresthe fraction of decoy-bound
tTAmolecules to beanticorrelatedwith targetgeneexpression
andsimilarforthe67 ,1 13 ,and240 tetOarrays.Wetested
this using quantitative ChIP experiments to measure occu-
pancy of a 3X–HA-tagged tTA at both the promoter and the
array. We ﬁrst measured tTA occupancy at the promoter for
cells with 0 ,1 5  ,6 7   and 240 tetO sites at various dox
levels. The ‘% INPUT’ ChIP signal used here reﬂects the
percentage of input chromatin that is immunoprecipitated by
an HA-speciﬁc antibody. In Figure 4A, we observe that
promoter occupancy is roughly proportional to expression at
the 7 tetO promoter.
Using the same chromatin samples, we next measured tTA
occupancy at a particular region shared among the different
tetO arrays (red region in Figure 2A). Array occupancy clearly
increases with increasing tTA level and not just at low tTA
levels (Figure 4B and Supplementary Figure 6). At any given
tTA level, the ChIP signal is weaker for the 240  array
comparedwith the 67  array. This is expected as the 67  and
240  arrays are equally potent in reducing target gene
expression. Therefore, these data provide direct support that
the ‘per site’ occupancyof tTAon the 67  array is several-fold
higher than the 240  array. The extremely high ChIP signals
we observe at the array when high levels of tTA are expressed
may be because any sheared fragment encompassing the
probed region also has additional tTA molecules present on
tetO sites adjacent to the probed region. Therefore, not only
is there a strong interaction between the 3X-HA tag and the
anti-HA antibody, but also many antibodies will be bound to
each probe, resulting in highly efﬁcient precipitation of tTA.
To determine whether tTA preferentially binds to the tetO
arrayascomparedtothepromoteratlowtTAlevels,weplotted
the ChIP signal for the array versus the promoter (Figure 4B).
At lower tTA levels, the slope of this plot is smaller and array
occupancy changes more signiﬁcantly than promoter occu-
pancy.AthighertTAlevelsthisslopeincreases,butthereisstill
signiﬁcant binding of tTA to the array, which clearly does not
saturate. This change in slope could be attributed to anti-
cooperative binding of tTA to the tetO array. Higher occupancy
of the array could bend the DNA and/or alter chromatin and
affect subsequent binding. However, the difference in slopes
that marks a transition from tight tTA–tetO interactions on the
array to weaker interactions is more subtle than anticipated;
especially given the sharp change in concavity we observe in
the expression data. We hypothesized that perhaps not all the
binding sites in the 7 tetO promoter are weaker binding
as compared with the array. ChIP measures an ‘average
occupancy’ across multiple binding sites (as the chromatin
was sheared to an average size of 300bp that encompasses
AB
0 0.25 0.5 0.75 1
0
0.05
0.1
0.15
0.2
0.25
0.3
Normalized total tTA
N
o
r
m
a
l
i
z
e
d
 
Y
F
P
 
 
0×tetO
67/67×tetO
127×tetO
127/127×tetO
240×tetO
0 0.25 0.5 0.75 1
0
0.05
0.1
0.15
0.2
0.25
0.3
Normalized total tTA
N
o
r
m
a
l
i
z
e
d
 
Y
F
P
 
 
0×tetO
67×tetO
67/67×tetO
67/67/67×tetO
Figure 3 Non-contiguous tetO arrays sequester tTA more effectively than contiguous tetO arrays. (A) The dose–response of cells with a 7 tetO promoter driving
YFP in the presence of two separate centromeric plasmid-borne 67 tetO arrays (67/67) versus one 127 tetO array (127) or two centromeric plasmid-borne
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the experiment using a 1 tetO promoter. We see a similar
linear relationship between promoter occupancy and expres-
sion (Figure 4C). Strikingly, when comparing the ChIP
signal for the decoy arrays versus the 1 tetO promoter, the
transitionbetweenthebindingregimesismuchmoredramatic
(Figure 4D).
Together with our model, these data support the notion that
the residence time of tTA on both the 1 tetO promoter and a
subset of binding sites in the 7 tetO promoter is shorter than
on decoy tetO sites, but only when the tetO array region is
relativelyfreeofboundtTA.AthighertTAlevels,tTAcontinues
to bind the remaining vacant tetO sites in the array, albeit
weakly. If some tetO sites within the 7 tetO promoter do bind
tTA as tightly as those in the array, then an additional copy of
the promoter should affect gene expression in a manner
similar to the array. To test this, we constructed a centromeric
plasmid containing the 7 tetO promoter driving CFP and
introduced it into the usual yeast strain expressing tTA and
containing an integrated 7 tetO promoter driving YFP.
Addition of this plasmid reduces target YFP expression and
changes the concavity of the dose–response (Supplementary
Figure 7). Introducing a centromeric plasmid containing 6 
tetO sites from the 7 tetO promoter, but without the minimal
CYC1 promoter or the CFP open reading frame, has similar
effects. Therefore, a subset of the tetO sites in the 7 tetO
promoter binds to tTA as strongly as the tetO sites present in
the array region. This would explain why 7 tetO promoter
binding is relatively strong even at low tTA levels (Figure 4B).
It also implies that the location of tetO sites or the regional
chromatin environment does not contribute signiﬁcantly to
stronger binding of tTA versus the productive promoter
binding.
The altered dose–response induced by TRs
converts the behavior of a positive-feedback
loop from a graded to a bimodal response
The dox titration data in Figures 2 and 3 demonstrate that
repeated decoy arrays are effective at decreasing target gene
expression and do so in a manner that converts the linear
dose–response to one with an inﬂection point. As an
additional, more stringent test of this conversion occurring,
we added tetO arrays to a strain containing a 1 tetO promoter
driving tTA expression in a transcriptional positive feedback
(Figure 5A). The tTA levels were indirectly assayed by
expression from a 1 tetO promoter driving YFP expression.
Whenwe titrate thefeedbackstrengthofa 1 tetO promoter in
positive feedback using dox, we observe a graded response
(Figure 5B and D), as has been previously shown as the 1 
tetO promoter response in the absence of feedback is gradual
and nearly linear (To and Maheshri, 2010; Supplementary
Figure 8). If the decoy sites generate an inﬂection in the dose–
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expression when in positive feedback. Indeed, we see bimodal
expression when we introduce a 2-mm plasmid containing a
127 tetO array, integrate two copies of a 67 tetO array in the
genome (Figure 5C and E) or add a centromeric plasmid
containing a 240 tetO array (data not shown). Importantly,
addition of decoy sites has no effect on the noise in gene
expression (Supplementary Figure 9), and therefore this
expression is not due to the noise-induced bimodality (To and
Maheshri, 2010). The bimodal expression could be due to
bistability; however, other explanations are also possible. For
example, the sharper threshold response created by the addition
of the tetO array may read out slow ﬂuctuations in an upstream
factor as a bimodal response. Regardless, addition of the decoy
array results in a qualitative change in the response.
Discussion
Previous evidence suggests that TRs of decoy binding sites can
sequester a transcriptional activator and inhibit its target gene
expression (Janssen et al, 2000; Liu et al, 2007). However,
these studies were qualitative in nature, limited to one or two
levels of the activator and a ﬁxed number of TRs. To better
understand the consequences of such decoy sites, we used the
synthetic tet–OFF system in budding yeast to study how
repeated arrays of tetO decoy sites inﬂuenced expression of
tTA-inducible tetO promoters. We ﬁnd that decoy sites reduce
expression from a tTA-inducible promoter and alter its dose–
response curve, converting it from graded to more sigmoidal-
like response. Using a simple mathematical model, we show
that the observed dose–response can occur if decoy sites bind
to tTA with high afﬁnity as compared with the promoter. We
conﬁrmed this idea by using ChIP experiments to monitor tTA
binding at both promoter and decoy tetO sites. These results
are surprising given the tetO sites in both regions are identical
in sequence.
Our ChIP data suggest the presence of stronger and weaker
binding regimes for the tTA–tetO interaction that depend on
tTA binding at nearby sites, as well as whether the binding
event leads to gene expression. At low levels, tTA must bind to
decoy sites (and a subset of binding sites in the 7 tetO
promoter) with over 10-fold higher ‘effective’ afﬁnity, com-
pared with tTA binding to tetO sites in the promoter that result
in productive gene expression. At higher tTA levels, either tTA
bindingtothepromoterbecomesstrongerortTAbindingtothe
decoysitesbecomesweaker.Wefavorthelatter interpretation.
If the former was true, the dose–response of promoters when
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expression is proportional to tTA occupancy. How might anti-
cooperativebindingwithin thedecoyarraycomeabout?While
10–30bp spacing between tetO sites insures that tTA binding to
one tetO site cannot sterically hinder binding to adjacent sites,
binding may indirectly affect adjacent sites through bending or
twisting DNA, shifting nucleosomes or recruitment of other
factors. In the Supplementary information, we provide an order
of magnitude estimate of the total steady-state nuclear tTA level
when expressed from the MYO2 promoter of 10
2.U s i n gt h i s
estimate, based on our data and model, the binding transition
occurs when roughly 10–30 tTAs are bound to 67 ,1 1 3   and
240  integrated tetO arrays, and approximately 40–60 tTAs are
bound to equivalent centromeric repeats. These results are
similar to in vitro studies of dimeric lacI binding to a 256 
tandem lacO array embedded within the l-phage genome. The
authors ﬁnd only 2.5% (B13) of the available lacO sites are
bound at concentrations of lacI that should saturate the array,
andlacI–lacObindingafﬁnityappearstobeinverselydependent
ontheoccupancyoflacIonthearray(Wangetal,2005).Finally,
tetR binding to multiple tetO sites present between a synthetic
enhancer and promoter in E. coli has been found to affect gene
expressionina mannerconsistentwithanticooperative binding
(Amit et al, 2005). While we have explained binding at decoy
tetO sites using strong and weak regimes, the ChIP data are
certainly consistent with a continuous decrease in afﬁnity with
tTA occupancy.
The ChIP experiments can also help to understand a
puzzling aspect of the expression data: adding additional
contiguous tetO sites to the 67 tetO array has little further
effects on target gene expression—the ‘effective’ number of
strongbindingsitesisnearlyequivalent.However,thepotency
of these arrays increases when separated by placement on
different plasmids or portions of the DNA. These observations
can be explained if two features of tTA–tetO binding are true.
First, every tetO site should bind with similar strength in the
low-occupancy strong binding regime. This is consistent with
the ChIP signal at the 240 tetO array being lower than
the 67  array at low tTA levels (Figure 4, Supplementary
Figure 6)—tTA samples fourfold more sites with 240 repeats,
hence binding at any particular region is lower. Second, the
transitiontotheweakbindingregimeshouldbedictatedbythe
absolute number of tTA bound to the array, probably through a
long-range interaction that reduces the afﬁnity of neighboring
vacant tetO sites. Because the 240 tetO array consists of a 113 
and 127  array separated by 534bp (Figure 2B), this long-range
interaction occurs over at least 100’s of bps of DNA. When the
arrayissplit apart by placement ondifferentplasmids,strongtTA
binding at one array does not affect another array—hence the
number of strong binding sites (or effective binding sites) scale
with the number of split arrays as observed (Figure 3, Table I).
Perhaps even more unexpected than the anti-cooperative
binding of tTA to the decoy sites is the large difference in tTA
binding to the promoter versus decoy sites. The molecular
originofthisdifferenceremainsunresolved.Somepossibilities
that speciﬁcally increase the tTA–tetO residence time within
decoy sites could include: a unique chromosomal location
and/or the chromatin environment of the array, the multi-
valent nature of the tTA–tetO array interaction and/or active
recruitment of transcriptional machinery by tTA. However,
these possibilities are less likely in light of the fact that tetO
sites within the 7 tetO promoter (whether alone or in a
context of the promoter) can modify the dose–response in a
manner consistent with strong tTA binding (Supplementary
Figure 7).
An alternative idea is that the afﬁnity of TFs to binding sites
within an active promoter is signiﬁcantly altered, perhaps
because of active processes that destabilize the TF binding
duringaproductiveinitiationcycle.FRAPmeasurementsofTF
occupancy on large gene arrays suggest TFs are highly
dynamic (Darzacq et al, 2007; Darzacq et al, 2009; Karpova
et al, 2008), and only a small fraction of binding events
actually result in expression. At this promoter, at the
expression levelsinthispaper,initiation eventsareinfrequent,
with a frequency between approximately 0.0015 and 0.015 per
min over the range of expression (To and Maheshri, 2010). The
model only distinguishes ‘promoter binding’ from ‘decoy
binding’ by requiring gene expression to be proportional to
transcriptionally competent ‘promoter binding’ events only.
Probably at the 7 tetO promoter, not all binding events are
‘promoter binding’ (Figure 4). Previous FRAP studies are
unable to distinguish between these types of events.
As has been put forward in Buchler and Louis (2008),
molecular titration provides a simple mechanism to generate
ultrasensitivity that is a crucial ingredient for the rich dynamical
behavior of biological networks, including multistable and
oscillatory behavior. This mechanism has been elegantly
demonstrated in the context of protein–protein interactions
(Buchler and Cross, 2009). Tight sigma factor/anti-sigma factor
interactions have been suggested to introduce bistability in
prokaryoticgenenetworks(Tiwarietal,2010).Itislikelythatthis
mechanismoperatesinRNA–RNAandRNA–proteininteractions
as well, particularly in the context of regulatory microRNA’s,
whose afﬁnity for targets is easily tuned (Bartel, 2009; Mukherji
et al, 2011). Our work extends this paradigm to DNA–protein
interactions, where it may be generally true if ‘promoter binding’
events competent for transcription are necessarily weaker than
other TF/DNA interactions. This conversion qualitatively chan-
ged the behavior of a transcriptional positive feedback involving
tTA, converting its response from a graded to switch-like.
B e c a u s eg r e a t e rn u m b e r so fd e c o ys i t e sc a nh a v em o r ep o t e n t
effects, our work points to yet another mechanism whereby the
microevolution of TR number can lead to qualitative phenotypic
changes. It will be important to conﬁrm the generality of this
response and the importance of non-contiguous decoy sites by
studying native TFs. Of particular interest might be the behavior
ofsingleinputmodules(Alon,2007)—ageneregulatorynetwork
motif where one TF controls the expression of many genes. If
clustered binding sites present in promoters can function as high-
afﬁnity decoys, the dose–response of a lower afﬁnity class of
promoters within a single input module may be ultrasensitive
because of the presence of a higherafﬁnityclass of clustered sites
in other promoters within the motif.
Materials and methods
Strain and plasmid construction
All yeast strains were derived from the W303 background (Thomas
and Rothstein, 1989). Strain construction was performed using
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Details of the tTA and tetO promoters are given in the study by To and
Maheshri, 2010. Strainsand plasmids used are listed in Supplementary
Tables 1 and 2.
tTA titration by doxycycline
Yeastcellsweregrowninsyntheticmediumwith2%glucoseovernight
at 301C, then diluted (OD600 B0.01 to 0.05) and grown in the same
mediumwith various concentrations of dox (Sigma) in a 96 deep–well
plate for at least 8h, maintaining exponential phase. Then, cells were
dilutedagain (OD600 B0.01to 0.05) andgrownforat least8h toinsure
reporter expression reached the steady state. After incubation, cells
were placed on ice or at 41C and ﬂuorescence intensities were
measured by ﬂow cytometry.
Models
The basic model for gene expression in the presence of decoys, and a
comprehensive model encompassing the basic model as well as the
tTA/dox interaction have been deposited in BioModels under
accession nos. 1202270000 and 1202270001.
Flow cytometry
Analytical ﬂow cytometry on yeast cells were performed using a
Beckton-Dickinson LSRII HTS equipped with a 405-nm laser and 450/
50-nm ﬁlter (CFP), a 488-nm laser and 530/30-nm ﬁlter (YFP) and a
561-nm laser and 610/20-nm (RFP) ﬁlter. For each sample, at least
30000cellsweremeasured.Yeastcellswithoutﬂuorescentreportersor
a strain constitutively expressing YFP or CFP from an ADH1 promoter
were always used as negative and positive controls, respectively. This
enabled normalization and comparison of the YFP or CFP intensity
from measurements performed on different days. Reported data
include the densest region of a forward versus side scatter plot of
analyzed cells, representing 15% of population.
Quantitative ChIP
ChIP was performed as in Aparicio et al (2004) with slight
modiﬁcations. Brieﬂy, yeast strains grown overnight were diluted to
OD600 of B0.001 in 200ml synthetic medium with 2% glucose and
then grown to mid-exponential phase (a ﬁnal OD600 between 0.7 and
1.0).Crosslinkingwasperformedbyresuspendingcellpelletsin5.6ml
of 37% formaldehyde and incubating for 20min at room temperature,
followed by addition of 10ml of 2.5M glycine to quench the reaction.
Fixed cells were vortexed with glass beads for 1h at 41C for lysis.
Chromatin was sheared using a Microson Ultrasonic Cell Disruptor,
with 6 10s cycles at a power setting of 8. Chromatin was
immunoprecipitated with Dynabead (Invitrogen)—Anti-HA High
Afﬁnity rat monoclonal antibody (Roche) complex as previously
described (Lee et al, 2006). qPCR was performed on an Applied
Biosystems 7300 real-time PCR machine. PCR efﬁciency of primers
targeting the tetO promoter and array were conﬁrmed to be 41.85,
using serial dilutions of either sheared chromosomal DNA or a highly
concentratedIPDNAcontainingthetetOpromoterandarray.Thisalso
determined the threshold cycle (Ct) range for linear ampliﬁcation, and
all Ct values for INPUTand IP DNA were within this range.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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